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Increasing precision

Important experimental and theoretical developments of key observable
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Important experimental and theoretical developments

Increasing precision

of key observable

Precision RHIC data
are essential
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RHIC and LHC “Landscape”

The QGP at the LHC:

Pythia p+p
= LHC:\/s = 5.5 TeV

- fireball hotter (~20%) and denser —— RHICNS = 0.2 TeV
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RHIC and LHC “Landscape”

The QGP at the LHC:

- fireball hotter (~20%) and denser

(~x2) and longer lifetime

wrt RHIC

* bulk dynamics, vn(pT), Similar at
RHIC and LHC, mainly driven by

initial state “geometry”

m = RHIC gluon| —
= = RHIC quark b
= [LHC gluon -
= LHC quark b

fraction
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Pythia p+p
= | HC:\{s = 5.5 TeV
= RHIC:\/s = 0.2 TeV

Anti-kr R=0.4

Huge increase in yield of
hard probes/jet production!
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Mainly gluon jets (p1<200 GeV) at the LHC.
Quark jets at RHIC p1>40 GeV.



The issue: Background in HI collisions

Au+Au 0-20% p:‘;:t ~21 GeV

STAR preliminary

p: per grid cell [GeV]

Full jet reconstruction in HI collisions is a challenge due to the underlying background
- Overall background pedestal

- Region-to-region background fluctuations and vn contributions
- Multiple independent hard scattering in HI collisions

Different contributions depending on coincidence vs. inclusive measurements!

Remark: | will not talk about this in detail, a comprehensive summary concerning the different approaches currently used can be found
in a talk by G. Roland: https://indico.cern.ch/getFile.py/access?contribld=3&sessionld=0&resld=0&materialld=slides&confld=198761
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LHC and RHIC Raa
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LHC and RHIC Raa

PbPb\ S\n= 2.76 TeV
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Raa rising as function of pr; constant for pr>50 GeV?
RHIC Raa ~ LHC Raa up to p1~20 GeV
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Jet Raa/Rcp at the LHC
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Rcplet~ Raa ~ 0.5 (>50 GeV)

No significant pr and R dependence of Rcp for p1>100 GeV
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Jet Raa/Rcp at the LHC
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Rcrlet~ Raa ~ 0.5 (>50 GeV)
No significant pr and R dependence of Rcp for pr>100 GeV
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Jet Raa/Rcp at the LHC
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Rcrlet~ Raa ~ 0.5 (>50 GeV)
No significant pr and R dependence of Rcp for pr>100 GeV

RHIC: Jet Raa less suppressed than hadrons!
Caveat: Large systematic uncertainties
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Di-jet asymmetry/imbalance as function of leading jet pr
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Di-jet asymmetry/imbalance as function of leading jet pr
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Di-Jet imbalance decreasing with increasing jet energy!

“Can be explained in terms of essentially known physics, i.e. the increased collimation of jets
due to kinematics and a transition to a less gluon- dominated regime.” : T.Renk, arXiv:1204.5572
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Direct Photon-Jet Measurements
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Large quenching effects
seen in direct photon

measurements
(Consistent with jets measurements?

Quark vs. gluon energy loss?)

No angular de-correlation
(also seen in di-jets @RHIC)



Fragmentation Functions in Pb+Pb at the LHC
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Fragmentation Functions in Pb+Pb at the LHC
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RHIC: Suppression at high di-hadron zr
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Jet Shape Observables
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Jet broadening at the LHC:

Seen in differential jet shape and R dependence of jet Rcp
(especially at lower jet pr)
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Jet Shape Observables

o 2 | ] - 3 F
oﬂ: S - pb.,.pb \[STIN 2. 76 TeV 0-10 % A 3 E 0.8F- Au+Au and p+p at\/s,,=200 GeV/c
B _ 10 r
m\% 1.8— JL dt = 7 ub1 ATLAS — § 0 7i Au+Au: 10% most central ——  Au+Aukt
o -t e e R=0.3 . = DI‘I: : —o— Au+Au anti-kt
D ; " R=04 T 0.6/ - STAR Preliminary - pwit
- —_— - . : _g - p+p anti-kt
: * by e *R=05 3 [ &4 . ;
1.4~ 3 B ¥ e ~ £ °  f
t . DAL ek . > 04 ==
: o 15F - -
. s 1 0a3f
S
s | 0.2~
Qo.sl -
: 0.1
% | el | l l l l

pf‘ (GeV/c)

Jet broadening at the LHC:

Seen in differential jet shape and R dependence of jet Rcp
(especially at lower jet pr)

RHIC: Stronger broadening observed
Reminder: These measurements look at the jet shape in a cone of R=0.2-0.5!
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Where does the lost energy go? Missing pr'
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The momentum difference in the di-jet is balanced by low pr
particles at large angles relative to the away side jet axis
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RHIC: Direct Photon - Hadron Correlations
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H : :: f PH. ENIX

1 15 2 2.5 3
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o
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Enhancement at low z
Suppression at high z
Broadening at low z
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RHIC: Jet-Hadron Correlations

Trigger Jet: R=0.4, p1cut=2 GeV/c and EMCal Tower>6 GeV

) m Au+Au, 0-20%
V7 o p+p
B detector uncertainty
v, and v, uncertainty
[ Jtrigger jet uncertainty

o 10<p!" <15 GeVic
m 20< pjT‘*"rec <40 GeV/e
N

=%

\/San = 200 GeV
I T

Awayside Gaussian Widtho ¢

10!

I
YaJEM-DE

— Au+Au

p;SS"C (GeV/e)

0 2 4 6 8 10 12 14 16

A (GeV/e)

D

Awayside

1
o

1
)
SrTTTT

Energy difference: AuAu-pp

I
m Au+Au,0-20% — YaJEM-DE
B detector uncertainty
v, and v, uncertainty
[ ]trigger jet uncertainty

=

[
IIIIIIIIII

e 10< pj;"r“ <15 GeVi/c
s 20< pjT'”’rec <40 GeV/e

p—

=

VNN 200 |G.e.V. Ll l
2 4 6 8 10 12 14 16
pf‘rss"c (GeV/e)

Hint of Jet Broadening at low pr (large uncertainties due to potential jet v2/vs)

Quenched energy at high pr balanced by low pr enhancement
Consistent picture between yd'ect/jet-hadron correlations @ RHIC!
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RHIC: Jet-Hadron Correlations

Trigger Jet: R=0.4, p1cut=2 GeV/c and EMCal Tower>6 GeV

3 T T T LR
" CMS Preliminary L, = 140 ub™
5 | 290 —+— CMSO0-10%/50-100% -
=, - [ & ATLAS 0-10% / 60-80%
= 20 .
e ‘
£ |®1.5F "¢ .
% T i *® . i
& 1__ __________ °« © O\------ooom- ° °
3 - e Tee ” 1
% 05__ _
= [
< B i
101(] O_||| 1 | L ||||_
1 10 10°
p. (GeV/c)

N (GeV/e)

D

Awayside

Energy difference: AuAu-pp

m Au+Au,0-20% — YaJEM-DE
B detector uncertainty
v, and v, uncertainty

[ ]trigger jet uncertainty

e 10< pj;"r“ <15 GeVi/c
s 20< pjT'”’rec <40 GeV/e

\./.\/———'.
C\W/s.. =200 1
.\SNNI..OA)IG.e.Vv.I...I...I...I...I...I.
2 4 6 8 10 12 14 16
pf;ss"c (GeV/e)

Hint of Jet Broadening at low pr (large uncertainties due to potential jet v2/vs)

Quenched energy at high pr balanced by low pr enhancement
Consistent picture between yd'ect/jet-hadron correlations @ RHIC!

pt scale of low pt enhancement: ~2 GeV RHIC, 3-4 GeV LHC

Caveat: RHIC measurement: Statistical. Need per jet quantities (A, FF) to allow one-to-one comparison to LHC.

Joern Putschke, Wayne State University, RBRC WS April 2013
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Consistency or a way too simplistic explanation?

We heard about this in more detail in A Majumder’s talk today.

50 . | . | . | . .
energy loss | | L | touLHO)5Mm
in oy oy ol | iy | tmax(RHIC)=4fm

LHC 40GeV

AE(GeV)

t/t

max

LHC larger energy loss at early times — diffusion in medium — larger angles

RHIC smaller energy loss at early times— less diffusion in the medium
— closer to jet axis — can qualitatively explain the differences RHIC/LHC (!?)

Easier to study details of soft gluon radiation at RHIC!?

Caveat: Realistic calculation needed? Can current MC models explain RHIC and LHC at the same time?

Joern Putschke, Wayne State University, RBRC WS April 2013 14



Biases are not always bad ...

T. Renk, Phys.Rev. C87 (2013) 024905

Tr 20-40 GeV
0.25 - I ' T ' T
i « LHC 2.76 ATeV parton spectrum
02L « RHIC 200 AGeV parton spectrum| _
% R=0.4,
S 0.15- «° prous2 GeV .
= ¥ ]
<& L3
; 0.1 T
= * I%IIII
)
0.05 I * - . III —
0 ====¢eexi*‘t 1 T...--- I | o ft“:
0 20 40 60 80
py [GeV]

Due to the steeply falling spectrum at RHIC, even
with imposing biases (pT°!, ...), a good correlation
to the initial parton energy is preserved

Joern Putschke, Wayne State University, RBRC WS April 2013
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Biases are not always bad ...

T. Renk, Phys.Rev. C87 (2013) 024905

y [fm]

Tr 20-40 GeV
0.25 - I ' T ' T
i « LHC 2.76 ATeV parton spectrum
02L « RHIC 200 AGeV parton spectrum| _ <
= R=0.4, i
S 0.15- < prtuts2 GeV .
= ¥ ]
<& L3
; 0.1 T
= * I%IIII
)
0.05 I * - . III —
0 ====¢eexi*‘t 1 T..--- I | o f“‘=
0 20 40 60 80
py [GeV]

y [fm]

Due to the steeply falling spectrum at RHIC, even
with imposing biases (pt°yt, ...), a good correlation
to the initial parton energy is preserved

Biases (pTCut, ...) can be used to change
systematically the pathlength of the recoil jet

Biases (prCut, ...) can be further utilized to favor gluon recoil jets

Joern Putschke, Wayne State University, RBRC WS April 2013 Cav_eat Can Only compare to MC models!

prcut>2 GeV

Ideal
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“Direct” Comparison of RHIC and LHC energy loss

40 T | T | T T T T . T a—=
.
1 thic gluon 40GeV N M
— rhic quark 40GeV . .
1 lhc gluon 40GeV . ¢ .
30— | = Ihc quark 40GeV . . ¢ —

AE(GeV)

ydirect-jet at the LHC (quark jet) compared
to di-jets at RHIC (quark jets) @ 40-50 GeV

Caveat: To remove geometric biases one needs an unbiased jet measurement at RHIC!
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Temperature dependence of energy loss

We had talks this morning discussing this in more detail!

’gmg ——— pQCD [§ x o, T]
T 9F SYM [§ = |crgy,, T
8 8:— ——— HTL[§ x o, T log(1/T)]
o F ——— Scenario LILIII [G=1.25 T*/(v/s)]
70 | ——— Scenariol, Il x 10 [g= (1.25 T3(w/s))]
C K (a.u.) (Liao & Shuryak)
6__ y 7 7
: / //
5
- 7 //
4
: [\, i 1l
35_ "‘ )y %
o I
- // i |
A MZ . — |
O_ Lok |||||:|||IIIIII|IIII|IIII|IIII
0O 05 1 15 2 25 3 35 4

Temperature (T/T C)

3 A
n/s=constxT’/q
for weak coupling (PRL 99, 192301, 2007)

Differential measurements of transport properties of the QGP:
Temperature dependence of g (&, n/s, ..)

Sensitivity of g to 1-2 T¢c requires RHIC measurements for different
colliding systems and smaller Vs (LHC larger initial T)

Joern Putschke, Wayne State University, RBRC WS April 2013
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Testing the quasi-particle nature of the QGP

5. 10~
O “RHIC” scenario | i “LHC” scenario
4- vacuum ! ] !
— | dominated | To =300 MeV — Si To =390 MeV ]
2 30\ + | Parton Er = 30 GeV | Z 6 Parton Et = 200 GeV | |
O N ] O ]
S 2F medium dominated | | S 4
o o
1 e 27
S B S S 6 %1 2 3 4 s 6
t [fm/c] t [fm/c]
Jet Virtuality: Controls the Physics 0°(L)~ max(@ L’Ej
of Radiative Energy Loss T L
medium T

RHIC: 20 GeV parton, L =3 fm

. E
gL=15GeV’ = zz1.5Gev2

Virtuality of primary parton is
medium influenced and small
enough to “experience” the
strongly coupled medium

Joern Putschke, Wayne State University, RBRC WS April 2013

vacuum
LHC: 200 GeV parton, L =3 fm

A E
GL=~35GeV’ < —=13 GeV?

Virtuality of primary parton is RHIC can explore the
vacuum dominated and only region between the weak

its gluon cloud “experiences” and strong coupling limits!
the strongly coupled medium
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“QCD Analog of Bethe-Bloch”

N N

uton Cu

_

S

S
W

Bethe-Bloch

Anderson-
Ziegler

10

Radiative
Minimum effects
ionization reach 1%

~

Stopping power [MeV cmz/g]

RN Nuclear
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\\\ B Without &
1 { | | |
0.001 0.01 0.1 1 10 100 1000 104 109 106
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| | | | | | | | | |
1 0.1 1 10 100 | 1 10 100 | 1 10 100 |
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Muon momentum

At the LHC/at large jet energies, jet modification
dominated by radiative energy loss

At lower jet energies balance/interplay between
radiative energy and collisional energy loss

RHIC and LHC combined will map out the stopping
power —dE/dx of hot and dense QGP for colored patrons

Joern Putschke, Wayne State University, RBRC WS April 2013



RHIC is always good for surprises: d+Au Raa

TRETRRL
%nlh* + +

PHENIX Preliminary

d+Au, |'s=200 GeV

PHENIX Preliminary
d+Au, |'s,,=200 GeV

0O 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
;)(Ger» ;:(Gemm)

Enhancement of Jet Raa in peripheral d+Au collision?

Caveat: We saw yesterday (G. David) that
centrality determination in d+Au is not trivial ...

Joern Putschke, Wayne State University, RBRC WS April 2013 20



Future: Precision Jet Measurements @ RHIC / sPhenix

'03 10§ Hard Processes pQCD @ 200 GeV
8. 1;? NLO pQCD W. Vogelsang
g 10_1; —=— Light q + g jets
< T —=— Directy
< 102 —a— Fragmentation y
= -\ — s 7°(R =0.2)
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HCAL OUTER
HCAL INNER
__ EMCAL
SOLENOID

PRESHOWER

ADDITIONAL
TRACKING

Full Calorimetry

Large kinematic reach
(can be used to reduce current biases)

Precision Jet measurements
with the flexibility of RHIC

concerning collision energy
and system sizes

/

Can this be utilized to study pre-equilibrium effects?
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Summary

Consistent (qualitative) jet quenching
picture at RHIC emerging: suppression
at high z, enhancement at low z. Jet
broadening has to be quantified.

Can current LHC and RHIC quenching
measurements be explained in a
consistent picture?

In many respects RHIC and LHC a
complementary and an active jet
program at RHIC is essential to further
and quantify our understanding of
partonic energy loss in the future!

Joern Putschke, Wayne State University, RBRC WS April 2013

Important experimental and theoretical developments

Increasing precision
of key observable
1 10 100

$
4

10.0-

§ central Au+Au at Jsw = 200 GV

0.1+

1/Nigger N/d(A9)

PbPb/pp

T T T T T T
CMS Preliminary L, = 140 ub™"
F'C51 2010, 0-30%, Leadingjet
e 2011,0-10%, Inclusive jet
e 4

@

2,51

~
T

0.5

Jetp, >100GeVic
| , , . . |
o 1 2 3 4 5
&=In(1/2)

Full jet reconstruction
measurements and comparison
to theory over a wide range of
collision and jet energies

Precision RHIC data
are essential

2000

2002

2004

2006

2008

2010

2012

2014

experimental techniques
developed

[— x5 suppression in hadron Ry,

— Away-side disappearance

d+Au “Null-Experiment”:
|— Jet-quenching unambiguously
a final-state/QGP effect

|__ Strong modification of an
away-side jet: “Mach-Cone” ?

— No direct photon suppression

| Near-side modification:
“The Ridge”

|  Feasibility measurements/studies
of full jet reconstruction at RHIC

Ridge and Mach-Cone structure

[— consistently explained by v,

(initial state fluctuations)

| LHC data: Increase of charged
hadron R Aan high momentum;

full jet measurements

|- Modification in jet fragmentation/
jet structures at the LHC (QM12)
suggests radiative energy loss
picture at high jet energies

« reduce § uncertainties
- determine §(T) dependence
« characterize quasi particle
nature over a wide range
in jet energy
« constrain importance of

collisional vs. radiative
energy loss; QCD analog
to QED energy loss

RHIC BES-II and detector
upgrades required to

\HHH‘ HHW’T
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Momentum transport

parameter ¢ [GeVZ/fm]
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Near Future: RJE(T)T ?

RJE(T)T=RHIC Jet Experiments (& Theory) Taskforce

Can something like this be realized at RHIC?

Joern Putschke, Wayne State University, RBRC WS April 2013
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Temperature dependence of energy loss

c OF ——— pQCD [§ x o, T
= A
S 9% SYMIq = |agyy Tl Il String Theory Bound (KSS)
& P HTL [q « o T° log(1/T)] = 10k ——— pacD (amy)
— ~ ~ C yaro+
—~ °F ——— Scenario LILIII [g=1.25 T*/(1/s)] 2 °f Hadron Gas
‘C L ) ~ 3 35— —— Lattice QCD (gluodynamics)
7= | ——— Scenariol, Il x 10 [g= (1.25 T°/(1/s))] - — Semi-QGP
C . C — QPM (finite u )
6E K (a.u.) (Liao & Shuryak) 30¢ — Hydro Fit (Niemi et al.)
- 7,/ /’ 5 ——— Hydro Fit (Song - a)
5 - // / ] R (T Hydro Fit (Song - b)
- /] / oo | T T
4 / i
- Nl il i L3
3 N~ 7 0]~
2 :— ’ ‘ 5; ., ’
E / / /// " E ........ KSS Bound
11— / / ) o
- / ‘/| 005 1T 15 2 25 3 35 4
r i | emperature
0 . 'Az-dfn ...... oo il AR RN BN AN i . c
O o5 1 15 2 25 3 35 4 Majumder, BM, V
Temperature (T/T ) that /s and q are

weak coupling in
3 A _ [PRL 99, 192301
n/s=constxT"/q for weak coupling (PRL 99, 192301, 2007)

n/s saturates in strong coupling, but energy loss increases w/o iR o coupiin

at 1/4x, but q inct

limit. Unambiguo

weak vs. strong «
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Where does the lost energy go? Missing pr'

Taken from C. Roland (CMS), QM11

MiSSing pT”: "’l’" — Z _p¥rack cOs (¢Track - (PLeading ]et) Inf <24

Tracks

Calculate projection of p-
on leading jet axis and
average over selected
tracks with

pr > 0.5 GeV/c and
In| < 2.4

Leading Jet defines direction

Joern Putschke, Wayne State University, RBRC WS April 2013
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Where does the lost energy go? Missing pr'

Taken from C. Roland (CMS), QM11

MiSSing pT”: "’l’" — Z _p¥rack cOs (¢Track - (PLeading ]et) Inf <24
Tracks

Calculate projection of p-
on leading jet axis and
average over selected
tracks with

pr > 0.5 GeV/c and
In| < 2.4

Sum all tracks in the event

Joern Putschke, Wayne State University, RBRC WS April 2013



Where does the lost energy go? Missing pr'

Taken from C. Roland (CMS), QM11

Track
| — Z _pTraC COS ((PTrack - (PLeading ]et) In| <2.4

Missing p,ll: 71 =
Tracks
0-30% Central PbPb T
wﬂw’fﬂw
Al 1u’7///

llllllllllllllllllllllll

[ CMs 0-30% .
40 [ Pb+Pb \ls,,=2.76 TeV ] -
| fL dt=6.7ub" ] excess away %\\\\\Y‘\‘ /////

[ . |from leading jet § 2
> = =
8 0. _______________________________________ _;‘Eé" >E§?
s T\

20 excess towards
[ leading jet

4ol 9)

[ L1 11 I L1 11 [ L1 11 I L1 11 I L1 11 l

0.1 0.2 0.3 0.4
A, LN
unbalanced jets

ilanced jets
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Where does the lost energy go? Missing pr'

Taken from C. Roland (CMS), QM11

MiSSing pT”: "‘1|“ — Z _p¥rack cOS ((PTrack - (PLeading ]et) Inf <24

Tracks
0-30% Central PbPb
T 1T 11 I 1T 17 I 1T 1T I 1T 11 I L I—|
| CMS 0-30% T
40 " Pb+Pb \s =2.76 TeV i
T fL dt=6.7ub41 excess away
' | |from leading jet
@ 20 :
> — —
m ¢ . ¢
g Od--4—-———- -]
i ot —
v.
20 excess towards
[ - I iNg |
ool : ead g jet
hl L1 1 I 11 11 l L1 11 I L1 11 I L1 1 I‘ l
0.1 0.2 0.3 0.4
- AJ \ -
ilanced jets unbalanced jets

Integrating over the whole event final state
the momentum balance is restored
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Where does the lost energy go? Missing pr'

Taken from C. Roland (CMS), QM11

. . Track
MlSSlng pT”: "|[|“ — Z _pTrac COS ((PTrack — (PLeading ]et) In| <2.4
Tracks
0-30% Central PbPb

LI I L I LI I L L I 1T 1T 1T T CaICUIate mISSIng pT In
[ CMS 0-30% -
o], PRI _- ranges of track p+:
f fL dt=6.7 ub" f = excess away . .
2ot— —| |from leading jet ® >05GeV/ic
g T N [C]05-1.0GeV/c
S o . [__11.0-2.0GeV/c
4 (] 2.0-4.0GeV/c
20| excess towards (= 4.0-8.0 GeVie
-40:_ g |eading jet - > 8.0 GeV/c
:l 11 1 I 11 1 I 11 1 I 1111 I 1 1 1 I- ¢
. 0.1 0.2 AJ 0.3 0.4 \
balanced jets unbalanced jets

The momentum difference in the dijet is
balanced by low p+ particles
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Jet Raa in central Au+Au and Cu+Cu

Y. Lai QM2009
= | & *FPHENIX Preliminary
Au+Au and p+p at\[s, =200 GeV/c 1-? - 20—(2)9%0%@ 07 PRL 101, 162501
Au+Au: 10% most central -
s 1.4F
3 125
i — JE oo
i —  ktR=0.4 0.8C
i o anti-kt R=0.4 0.6:%’%@ W{;{' % + ‘% : -
N 0.4 +
Inclusive Raa 0'2: El;zssslaiuﬁ]rtgr%/_o 3200 oev
wi . STARPreliminary | &~"5""30 15 20 2530 3
10 15 20 25 30 35 40 45 50 p, " (GeV/c)
plet (GeV/c)

STAR sees a substantial fraction of jets in Au+Au
- in contrast to x5 suppression for light hadron Raa

Strong suppression (similar to single particle)
in Cu+Cu measured by PHENIX
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Recoil jet spectrum Raa

Trigger jet

0.8

0.6

0.4

0.2

E. Bruna QM2009

— v AntiKt R=0.4, p:"’9>1o GeV

B . AntiKt R=0.4, p:"'9>2o GeV

[ —— Background uncertainty ¢, + 1 GeV

e N — Trigger jet energy uncertainity

:—"Y— """"""""""""""""""""""""""""""""""""""""""""""""""""""""""
‘_J

s

~ STAR Preliminary It

B 1 1 1 | | 1 1 1 1 | | 1 1 1 | | | 1 1 I | | 1 1 l | | | 1

0 15 20 25 30 35 40

pt’rec(recoil)

e Selecting biased trigger jet maximizes pathlength for the
back-to-back jets: extreme selection of jet population

 Significant suppression in di-jet coincidence measurements!

Joern Putschke, Wayne State University, RBRC WS April 2013
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